Analysis of Jitter Peaking Effects in Digital Long-Haul Transmission Systems Using SAW-Filter Retiming
Abstract-The new lightwave long-haul transmission systems typically use surface-acoustic-wave (SAW) filters for timing recovery, in place of the phase-locked loops favored in slower systems. We report here analytical studies of jitter phenomena allowed by two kinds of filter ripple. The ripple is capable of causing jitter to accumulate exponentially with the number of regenerators N in a repeatered line. Such behavior is well known in the case of phase-locked-loop retiming, where the "jitter peaking" that usually appears in the loop response must be carefully limited to avoid exponential jitter growth. We show that equivalent phenomena can appear when the SAW filters exhibit passband ripple, or, as previously reported in condensed form, when ripple-free filters are detuned by approximately one-half the full 3 dB bandwidth. Furthermore, in the case of ripply filters, exponential jitter accumulation is found to be much more pronounced for random jitter than for systematic jitter. In addition, the alignment jitter within each regenerator can grow exponentially along the chain of regenerators. Neither of these statements is true in the case of the ripple-free filters previously treated in the literature.
L

I. INTRODUCTION
.IGHTWAVE transmission systems currently being developed may utilize as many as 200 regenerators in the case of undersea systems. The jitter characteristics of these chains are of considerable interest because of the new technologies being applied. This study treats, in particular, the accumulation of line jitter when SAW filters are used for timing recovery in the regenerator timing loop. In fiber systems, these passive filters are favored over phase-locked loops, whose implementation has proved difficult at the high signaling rates of interest (>lo0 Mbits/s). Two types of SAW filters have been candidates for the timing recovery task [ 11, [ 21, the double resonator type, analogous to LC double-tuned filters, and the transversal type, which is nonminimum phase. Transversal filters are easier to implement at lower Q values, while resonator filters are easier at higher Q values [ 31. For various reasons, the Q's needed for retiming of uncoded traffic have tended to lie in a transition region between the two types, e.g., near 800 or somewhat higher [ 21 .
Application of these newer filter types to timing recovery in long-haul digital transmission systems raises questions that have received scant attention in the literature. Some of the questions are examined. here. Perhaps the single most important matter is the possibility of jitter peaking in the jitter transfer function of the filter. Jitter peaking is the occurrence of an absolute maximum in the modulus of the jitter transfer function at a nonvanishing frequency displacement from the baud frequency. This phenomenon is well known in the case of phase-locked loop retiming [ 4 ] , [ 5 1 , where it may lead to exponential timing jitter accumulation in the downstream part of a long repeatered line. The analogous passive-filter phenomenon is explored here for two potential Paper approved by the Editor for Fiber Optics of the IEEE Communications Society for publication without oral presentation.
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sources of jitter peaking, ripple on the filter passband, and detuning of the filter center frequency with respect to the baud frequency as a result of various mechanisms [2]. For ideal resonator filters, detuning is found to be ignorable as a cause of jitter peaking under normal operating'conditions, as reported briefly in [2] . Passband ripple, on the other hand, is a real hazard. In transversal filters employing bidirectional transducers, passband ripple is commonly produced by interference effects traceable to multiple transducer reflections, which become stronger as the transduction efficiency is improved through impedance matching, Therefore, the inser-.tion loss of these filters can typically be lowered only at the expense of increasing the passband ripple.
In doubleresonator filters, passband ripple of the Chebyshev type is possible with insufficient impedance matching of the input and output transducers. The jitter accumulation effects of both passband ripple and static filter detuning are demonstrated in the present work.
In Section I1 and the Appendix, we describe the model used to-represent the SAW filters. Analytic expressions for computing the random and systematic jitter accumulations and alignment jitter are presented in Section 111. In Section IV, we review some relations for treating the effects of resonator-filter detuning on jitter accumulation. The analytical tools are applied in Section V to a survey of ripple and detuning effects on jitter accumulation and alignment jitter.
A brief summary appears in Section VI.
SAW FILTER MODELING
Our approach requires a filter transfer function to compute the jitter accumulation caused by self-timed regenerators. In this section we discuss the-two filter types of potential interest and give their transfer functions. where
A. Double Resonator Filter
' The transfer function of an ideal transversal filter is written as a single polynomial A(@) = Ziy= I a,, exp (iuT,,) , where N is the number of taps; an is the tap strength, and T, is the delay between the input and the nth tap. Since there are no poles, the pole-zero minimum phase filter design techniques cannot be used. 
This is a "worst case" for jitter accumulation. The above formulation leads to a convenient representation of amplitude ripple as follows. By means of (4a) and (4c), the amplitude characteristic is expressible as a function of x and three parameters, p, n, and N T . Of these parameters, only p is allowed to vary independently. For practical reasons discussed in the Appendix, n is set equal to 20.25 (symmetric ripple). NT is determined from p and a preselected value of Q (e.g., SOO), through the relations discussed in the Appendix:
where y ( p ) is the solution of ( 3 5 Fig. 2 , which provides parameters of the model associated with arbitrary ripple magnitude. The dashed lines show how one proceeds from a specific value of ripple to a corresponding value of conductance mismatch p, and.thence to the associated number of transducer periods NT viay(p) and a given Q.
More generally, the above expressions can be used to obtain filter transfer functions of the sort shown in Fig. 3 . Magnitude characteristics are shown in Fig, 3 
JITTER ACCUMULATION MODEL A . Chapman Model
Jitter accumulation will be formulated here in accord with the well-known Chapman model [9] illustrated in Fig. 4 . In the Chapman model, all regenerators in the transmission channel are assumed to have identical characteristics, described by a complex "jitter transfer function" We note that the use of a transfer function implies a linear relationship between the input and output phase deviations. The linear assumption could be questioned on the grounds that passive filtering' is intrinsically nonlinear in the phase fluctuations. For the rather small jitter peaking (a few tenths of a decibel) of interest for long-haul systems currently in development, however, estimates show [ 101 that linearized computations are effectively correct.
As showp in Fig. 4 , the Chapman model also assumes that the jitter contributed by each regenerator adds to the incoming jitter.at the regenerator input. The added jitter at the kth regenerator is represented by a phase density variable 
B3(w) @N(W)
---e e,(w) e,(w) Fig. 4 is caused by noise, which requires a distinct random variable at each regenerator. Although the variables are independent, they are assumed to have the same statistical properties, so that after averages in (9) are evaluated, the random jitter "power" density S N , r (~) may be written in a form analogous to (1 0), where the summation on the transfer functions is now with S,(O) = (Or2(o)), independently of k. The mean squared value of the total accumulated jitter is an integral over the jitter densities, Typically, the integrand is completely controlled by the jitter transfer function summations, and S, (o) 
B. Generalized Chapman Model
Since systematic jitter accumulation depends on a coherent sum of complex transfer functions, as in (lo) , one expects the value of the sum to be sensitive to effects that can rephase individual transfer functions. Such an effect actually occurs during the manufacture of transversal filters, which show a distribution of phase slopes. The consequence for messagedependent jitter accumulation can be estimated by randomly distributing the linear part of the phase characteristics of the cascaded regenerators. A model of this type has been evaluated, but details will not be given here. For all cases of practical interest, the associated dephasing effects are too small to merit discussion.
C. Relative or Alignment Jitter
While accumulated timing jitter at the end of an N-regenerator repeatered line may span many time slots, the effect on from (8) and (9), the systematic jitter power density S N ,~( O ) contains a coherent sum of jitter transfer functions, the bit error ratio (BER) in the last generator may still be system operation. Relative jitter is of iyterest because it will be shown to gi-ow with N when the timmg jitter accumulates exponentially.
The formulation of relative jitter follows from its definition as. the .difference between the output jitter and the input Jitter at each regenerator. Since the input jitter comes from the output jitter of the preceding regenerator, relative jitter ,in the Nth regenerator can be calculated from the difference where @N(o) is the sum (8) of the phase density contributions along tHe entire chain, The mean alignment jitter power density is then an expression with separate .,systematic and random parts. The mean squared alignment jitter is finally found through an integral strictly analogous to (12) . Evaluation of (14) yields the following expressions far systematic and random contributions:
where we have again assuinea that every regenerator adds random jitter with the same,statistical properties. An asterisk denotes complex conjugate. If the second term of the random contribution could be ignored, the systematic and random contributions would have .the same behavior. The second random term occurs because of an absence of coherence between the incomihg random jitter at each regenerator and the random jitter added by that regenerator. Cancellations leading to (15) The results from references cited. here and those reported in this paper assume that the bit strealli can be modeled in terms of delta function pulses. Since some additional lowfrequency ,jitter is a consequence of the ,pulse, shape alone [ 12 1 , -[ 13 I , this assumption may be questionable, especially for NRZ data. To avoid this approximation, the spectral densities Js(f) and S,(f) are assumed to be determined experimentally as in [ 101. The assumption of delta function pulses is only ~esed in the derivation' of (17), where the effect is found to be minimal. Calculations show that using a 2T raised cosine pulse in the derivation of (17) 
V. JITTER ACCUMULATION RESULTS
A. Effects of Double-Resonator Filter Detuning and Passband Ripple
The case of doubled-tuned filters will be discussed first, since it relates to previously published work .on detuned single-tuned filters [12] and double-tuned filters [2] . The systematic jitter spectral density has been computed from (1 0) for double-tuned filters detuned by selected amounts. Results are shown in Fig. 5(a) with detuning values given by 2Qq = 0.0, 0.5, and 1.15. Note the arbitrary 10 dB vertical offsets inserted between curves for clarity, The last value exceeds the approximate threshold of 1.0 [ 21 for the onset of jitter peaking. The systeinatic, jitter accumulation cu&es for the same detuning values, computed fiom (12) , are shown in Fig. 5(b) . Two general trends are apparent. First, detuning tends to reduce the jitter accumulation by causing a faster roiloff in the jitter transfer modulus 1 W(w) 1. This trend is apparent over the full curve for 2Qq = 0.5, and over the lower-N part of the curve for 2Qq = 1.15. The second trend dominates for the largei: N values ,on the latter curve. There, exponential jitter growth takes over because detuning is large enough to produce a central dip in the jitter transfer function (Le., jitter peaking). As pointed out in [ 21., such large detuning is inconsistent with good digital error performance, and wpuld never be allowed in designing a transmission system. This source of runaway jitter is therefore of no practical interest.
On the othet hand, jitter peaking effects appear without detuning when Chebyshev ripple is present. Fig. 6 shows the 
B. Effects of Transversal Filter Passband Ripple
The jitter consequences of detuning ripple-free SAW transversal filters are not treated here. As in the case of ripplefree resonator filters, jitter peaking may be expected only when the detuning is well beyond permissible limits. The significant jitter-peaking mechanism with transversal filters is again passband ripple.
For reference purposes, Fig. 7 shows the jitter spectral density and the accumulation of rms systematic and random jitter for the ripple-free transveral filter case, computed from (10)- (12), (30) Analogous results are shown in Fig. 8 for the transversal filter model with a symmetric passband ripple of 0.1 dB. The jitter spectral densities show an incipient systematic jitter peak at t h e N = 100 stage, and a fully developed random jitter peak at the same stage. Evidently, the peak is partially suppressed in the systematic case by coherent phase cancellations in (1 0). The impact of the above behavior on rms jitter accumulation is clear in Fig. 8(b) . For the larger values of N , random jitter accumulates much faster than the systematic jitter, contrary to the ripple-free results in Fig. 7(b) . It is reassuring that the normalization parameter u1 for random jitter is usually small enough to hold accumulation within reasonable bounds in transoceanic chains of regenerators having a small amount (<0.05 dB) of jitter peaking.
C. Ripple Effects on Alignment Jitter
The relative, or alignment, jitter at the last regenerator in a cascade of N regenerators is quite sensitive to passband ripple. The rms alignment jitter has been computed from (1 S), (16) , and ( 12) for the ripple-free filter described by (30) and ( 3 l), and for the ripply filters described by the "worstcase" forms of (4a) and (4b). Fig. 9 shows the results. Alignment jitter at the Nth regenerator is seen to change over from the traditional nonaccumulating behavior [9] , [ 131 to a rapidly accumulating behavior as the ripple increases. Since any increase of relative jitter can raise the fraction of digital transmission errors, the ripple must be carefully limited to avoid degradation of system performance. Acceptable limits must be determined by the designer in allocating margins for the decision "eye-diagram.''
VI. SUMMARY AND DISCUSSION
We have investigated analytically the worst case effects of SAW filter passband ripple and detuning on jitter accumulation and alignment jitter in a cascade of digital regenerators. These matters are of current interest because passband ripple is nearly impossible to eliminate from a population of SAW transversal filters of simple design and manufacture, and because earlier work [ 121 had left unquantified the jitter effects of detuning. Results indicate the following, 1) Filter detuning by itself is not a practical hazard to jitter performance, since the detuning threshold for jitter peaking is larger than the threshold for copious digital decision errors [ 21. Even the latter threshold must be avoided by appropriate system design.
2 ) Passband ripple will produce a form of jitter peaking, with the resultant tendency toward exponential jitter growth in a long regenerator cascade.
.
3)
In the presence of jitter peaking, exponential jitter accumulation is much more pronounced for random jitter than for systematic jitter, contrary to the traditional behavior with ripple-free filters. The exponential growth of systematic jitter tends to be suppressed by phase coherence effects among the cascaded regenerators. 4) Although the coherence effects may be partially lost when the transversal filters show a random scatter in group delays, the amount of scatter in typical filter populations is too limited to result in a significant jitter increase from that cause alone. 5) Alignment jitter also can show runaway accumulation behavior in the presence of passband ripple, even though ripple-free transversal filters show the nonaccumulating behavior of single-tuned resonator filters [ 91 .
All of the above findings are clearly important in the design of currently emerging transoceanic fiber systems, which use very long regenerator cascades. It should be noted that there are also important results for shorter undersea systems and for terrestrial long-haul fiber systems, where maintenance spans will seldom utilize more than 50 regenerators. For N < show that there can be no harmful effects on jitter accumulation from filter detuning or from passband ripple below 0.1 dB. However, Fig. 9 shows that ripple up to 0.2 dB could have a significant effect on alignment jitter for N < 50.
As we have emphasized throughout, the present results evaluate worst case situations, in which passband ripple has its most harmful effects.
We should note, however, that a population of SAW filters will have varying passband asymmetries and a substantial spread in jitter-peak frequencies. Both kinds of randomness will tend to reduce and smear out the constructive interference effects of peaking along a regenerator cascade. It may therefore be expected that statistical variations among SAW retiming filters and the circuits in which they are imbedded will be beneficial on balance. Statistical effects have been studied Item c) causes the ripple of interest here. A filter transfer function incorporating all the desired features can be constructed with the help of a scattering formalism and the following assumptions.
1) The filter consists of a' weak piezoelectric substrate (quartz for temperature stability) bearing a pair of identical interdigitated transducers with uniformly spaced electrodes and constant "tap weights," just as shown in Fig. 10 . For the fractional bandwidths of interest (Q-E Af/f, -1 O -j , f, = center frequency, Af = full 3 dB bandwidth), each transducer will have hundreds of fingers.
2) The input and output transducers are separated by about 20 wavelengths. (For transoceanic systems, the separation should be small as possible to hold down the filter phase slope [ 2 J , but large enough to give effective RF isolation.)
3) The equivalent circuit of a transducer is that of a simple crossed-field model [ 151, [ 3 ] , consisting of the static capacitance C of the transducer, shunted by the dynamic (piezoelectric) conductance and susceptance of the interdigital structure; see Fig. 11 .
4)
A shunt inductance i is postulated in the electrical termination of each transducer to tune out C at the filter center frequency f, (Fig. 11) . Since the dynamic susceptance will also vanish at f, (see below), the input admittance effectively becomes a pure conductance at f,.
5) The transducer conductance at f, is regarded as adjustable. This assumption is consistent with design options, and allows us to vary the conductance mismatch with respect to a given termination conductance, e.g., ( 5 0 The conductance mismatch at fc controls the filter insertion loss, but more importantly for present purposes, it also controls the magnitude of the passband ripple.
With the above assumptions, and with the scattering diagram shown in Fig. 12 , we can use standard scattering methods [ 6 ] t o solve for the filter transfer function with multiple reflections, H ( w ) e B3/a3. The scattering boundary conditions used are az = 0 = A 2 (no acoustic inputs at the outer transducer ports), A 3 = 0 (no electrical input at the receiving transducer), and al = rB1 and A , = tbl (transmission relations), where t is the propagation factor t = exp (-$d) , 0 = 2n/h, h = acoustic wavelength. In terms of simple scattering parameters, one finds
The numerator represents the direct signal path between the input a3 and the output B 3 , i.e., S 3 tS1 3 . The denominator differs from unity because of multiple reflection effects, which are completely accounted for by the term tZSl lz, where SI is the acoustic reflection coefficient at port 1 of each junction.
Transjer Function Without Multiple Reflections
Before we proceed to the general result, it is useful to examine the lowest order approximation to the transfer function, with reflection effects ignored. For the usual case of acoustically bidirectional transducers, which we have assumed here, the crossed-field transducer model yields The forms are valid over the main filter passband and nearby sidebands when the filter Q is high enough (e.g., Q > 100).
Since w C 2 L C = 1, ( 2 5 ) can also be written 2 w c c
where the last approximation can be shown to be valid for present purposes. Finally, the propagation phase Od can also be written as in (4c) . Implicit in pd is the convention that the equivalent "point" location of each transducer is its midpoint, with the scattering phases defined accordingly.
The lowest order transfer functionHo is now explicitly given by (21), (22) , (26)- (29), and (4c). In terms of theconductance mismatch parameter ( 5 ) , the amplitude characteristic becomes and the phase characteristic of the filter becomes
The linear second term o f (31) dominates the group delay of the filter, while the nonlinear last term is a minor contribution from the transducer scattering phases. Equation (30) provides us with the nominal filter insertion loss (not including internal losses) and allows us to evaluate the lowest-order (ripple-free) "filter Q." The nominal insertion loss is
When p is <l, the 3 dB bandwidth may be found from the numerator of (30). The 3 dB points of E occur where x = 21 rad, so that 77 Q z -N , p e l . 2 (33) As p increases toward 1, the frequency dependence of the denominator of (30) must be taken into account.
Over the practical range IL < 8 dB, available with bidirectional transducers, a more accurate approximation is given by n where y (pj.is the solution of the transcendental equation
The right-hand side of (34), rounded to the nearest integer, gives the number of finger pairs in each transducer required to produce a specified ripple-free filter Q.
The variation of y ( p ) = 7rN~/(2Q) with the conductance mismatch p is shown in Fig. 2 . The curve is an aid to the rapid parametrization of ripply transversal filters for jitter accumulation studies.
Transfer Function with Ripple Present
To account for multiple reflections, the full transfer function ( 2 0 ) must be utilized in place of (21). We therefore need the crossed-field expression for S, we expect when the triple-transit signal interferes with the direct-transit signal. The interference may be either constructive or destructive, depending upon the extra phase shift of the triple-transit signal. A diminished response at center frequency implies a dip at passband center, and computer simulation confirms this behavior, as illustrated in Fig. 3(c) . We only have to choose NT + n = integer? 1/4 (42)
to obtain the deepest central dip. With n = 2 0 rt 0.25, simulation yields the relationship shown in Fig. 2 between the ripple and the conductance mismatch parameter p .
To recapitulate, the model parameters implicit in (38) have been found in accord with the following flow diagram:
where Q and n were given preselected values. Repeated application of this diagram for different values of p leads to Fig.' 2 , which can be used, for example, to determine NT for preselected values of ripple, Q, and n. For very small values of ~/ N T , the ripple is quite insensitive to NT (but remains sensitive to n). In that case, the ripple is also insensitive to Q, since NT scales linearly with Q. The curves of Fig. 2 correspond to the insensitive case, so that Fig. 2 is actually valid for all Q's larger than the 800 value used for computation.
The situation considered above, with symmetric ripple and a minimum at passband center, is the worst case from the standpoint of jitter accumulation. The opposite extreme, where transmission near 0 , is symmetrically enhanced by the triple-transit signal, could conceivably lead to jitter accumulation under special conditions, but not a s m u c h . B e t w e e n the extremes (e.g., 20.< n < 20.25), the passband distortion will be partly antisymmetric about the center frequency, as shown in Fig. 3(a) . The antisymmetric part does not contribute to jitter peaking [ l o ] .
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